INTRODUCTION
Epithelial tissue intrinsically possesses an antitumor effect against newly emerged oncogenic cells. For instance, oncogenic cells with elevated oncogenes or downregulated tumor-suppressor genes are often eliminated from the epithelial sheet by cell competition in Drosophila and mammals [1] [2] [3] [4] [5] [6] [7] [8] . Drosophila imaginal epithelium entirely mutant for a conserved apico-basal polarity gene scribble (scrib) or discs large (dlg) results in tumorous overgrowth, aberrant epithelial architecture, and invasive cell behaviors, and therefore these genes are called ''neoplastic tumor-suppressor'' genes [9, 10] . Intriguingly, when surrounded by wild-type cells, such neoplastic tumor-suppressor mutants do not overproliferate but instead are actively eliminated from the tissue [1, 2] . It has been shown that c-Jun N-terminal kinase (JNK) signaling plays a crucial role in such tumor-suppressive cell competition [2, 3, [11] [12] [13] . JNK signaling has also been shown to be required for other types of cell competition caused by Minute (a heterozygous mutation in a ribosomal protein gene), differential level of Myc expression, and Mahjong mutation [14] [15] [16] . Given that cell competition is thought to be a process of cell selection among heterogeneous cells with different cellular fitness, it has been assumed that some secreted factors from the cells must also be involved in the regulation of cell competition. Indeed, in vitro studies in Drosophila S2 cells have shown that secreted factors regulate Myc-induced cell competition [17] . In addition, it has been shown that loser's apoptosis is suppressed by a secreted protein SPARC, which is upregulated in losers of cell competition induced by Myc overexpression [18] . However, whether ''winner'' cells produce factors to facilitate elimination of ''loser'' cells has remained unknown.
To identify factors required for wild-type winner cells to eliminate neighboring scrib mutant loser cells, we performed an ethyl methanesulfonate (EMS)-based genetic mosaic screen in Drosophila eye imaginal disc. As a result, we identified a secreted protein Serpin5 (Spn5) as a crucial factor expressed from wild-type winners to facilitate elimination of nearby scrib losers. Our genetic analyses revealed that Spn5-mediated suppression of Toll signaling in scrib cells facilitates their elimination, as elevated Toll signaling in scrib clones results in Yki-mediated tumorous overgrowth through JNK activation and F-actin accumulation.
RESULTS

A Genetic Screen Identified an Elimination-Defective Mutant eld-5
Oncogenic polarity-deficient cells mutant for scrib are eliminated from Drosophila eye imaginal disc by cell competition when surrounded by wild-type cells. To comprehensively isolate gene mutations that disrupt scrib cell competition, $9,000 EMSinduced mutant lines were established from isogenic flies carrying the flippase (FLP) recognition target (FRT). Using the established mutant lines, we introduced homozygous mutations only in wild-type clones and screened for those that failed to eliminate neighboring scrib clones (elimination-defective [eld]; Figure 1A ). scrib clones generated in the eye discs are normally eliminated from the tissue ( Figure 1C ; compare to wild-type clones in Figure 1B ; quantified in Figure 1F ). The elimination of scrib clones is also evident in the adult eyes ( Figure 1H ; compare to Figure 1G ). As reported recently, we isolated 8 eliminationdefective mutants, four of which (eld-4, -6, -7, and -8) had mutations in the same gene named sas, leading us to identify the Sas-PTP10D ligand-receptor system that drives scrib cell elimination via inhibition of epidermal growth factor receptor (EGFR)-Ras signaling [13] . Another strong elimination-defective mutant isolated from the screen was eld-5. When scrib clones were surrounded by eld-5 mutants, scrib cell elimination was significantly suppressed in the eye disc ( Figure 1D ; quantified in Figure 1F ). This elimination-defective phenotype was also apparent in the adult eye, as scrib mutant cells that survived into adult tissue overgrew and caused characteristic melanization phenotype ( Figure 1I ). Importantly, eld-5 clones did not affect growth of neighboring wild-type tissue (Figures 1E and 1J; quantified in Figure 1F ). These data indicate that eld-5 possesses a mutation that causes an elimination-defective phenotype specifically in neighboring scrib clones.
eld-5 Encodes a Secreted Serpin, Spn5
To identify the responsible gene of eld-5, we performed a complementation test by crossing eld-5 mutants with a series of chromosomal deficiency flies. As a result, we found a genomic region 88E2-88E3 (which includes 6 genes) that did not complement the organismal lethality of eld-5 flies (Figure 2A Spn5 is a member of the serine protease inhibitor superfamily and has been shown to negatively regulate the Toll pathway by inhibiting proteolytic activation of Toll [19] [20] [21] . Similar to other immune-related serpins, Spn5 has an N-terminal secretion signal sequence and is therefore secreted to the extracellular space [22] . Importantly, elimination of scrib clones was also suppressed when Spn5 was knocked down in scrib clones (Figures S1B-S1D), suggesting that Spn5 protein in the extracellular space is produced not only from wild-type cells but also from scrib cells. Indeed, downregulation of Spn5 in both scrib and wild-type clones resulted in stronger suppression of scrib clone elimination ( Figures S1E-S1H) . Thus, our data suggest that the amount of extracellular Spn5 protein produced from epithelial cells is critical for elimination of oncogenic scrib clones.
We thus examined the expression levels of spn5 and other serpins during scrib cell competition. RNA sequencing (RNA-seq) and subsequent qRT-PCR analyses revealed that spn5 was not significantly upregulated during cell competition triggered by scrib knockdown (Figures S1I and S1J). However, we found that spn5 is one of the most abundantly expressed serpins in the imaginal disc and that knockdown of one of serpins expressed in the imaginal disc in either wild-type or scrib À/À clones mostly leads to elimination-defective phenotype (Figures S1K and S1L). These data indicate that the quantity of Serpin proteins in the extracellular space is crucial for elimination of scrib cells. Figure 3E ). We therefore assumed that the elimination-defective phenotype of scrib clones when surrounded by spn5 mutants could be due to elevated Toll signaling. Strikingly, we found that scrib clones 
(R) Quantification of flies bearing severe melanized pupal eyes in genotypes shown in (L) (n = 39, the number of pupae from three to eight independent experiments), (M) (n = 166), (N) (n = 56), (O) (n = 118), (P) (n = 97), and (Q) (n = 53). One-way ANOVA with Tukey's multiple comparison test; **p < 0.01, *p < 0.05. Values are means ± SEM; ns, not significant. See also Figure S1 .
overgrow when Toll signaling is activated by overexpression of Toll, dorsal (dl), Dif, or persephone (psh) within the clones (Figures 3J -3M, S2A, and S2B; quantified in Figures 3O and S2C ). In addition, activation of Toll-related receptor (TRR) signaling by overexpression of Toll-9 also suppressed scrib clone elimination (Figures S2G and S2H ; quantified in Figure S2I ). The elimination-defective phenotype was also evident in the pupal eyes when Toll signaling was activated in scrib clones (Figures 3T-3W ; quantified in Figure 3X ). Importantly, activation of the Toll or TRR pathway alone had only a slight effect on tissue growth ( Figures 3F-3I , S2D, S2E, S2J, and S2K; quantified in Figures  3N, S2F , and S2L) and never caused melanization phenotype (Figures 3P-3S ; quantified in Figure 3X ). On the contrary, Toll activation outside scrib clones did not affect the size of scrib clones (Figures S2M-S2Q ; quantified in Figure S2R ). Figure 4I ), while Toll activation alone did not affect cell survival (Figures 4A-4D ; quantified in Figure 4I ). Intriguingly, the number of apoptosis in the surrounding wild-type cells was significantly increased when Toll signaling was activated in scrib clones (Figures 4E-4H ; quantified in Figure 4J ). Furthermore, the number of proliferating cells was significantly increased in Tollactivated scrib clones compared to plain scrib clones ( Figure S3 ). These data suggest that, upon Toll signaling activation, scrib clones escape from competition-mediated elimination and are rather transformed into supercompetitors. It has been well established that scrib clones are eliminated from the tissue by JNK activation [2, 3, 12, 13, 24, 25] . We therefore assumed that the Toll-mediated transformation of scrib clones from losers to supercompetitors could be because of JNK inhibition. Intriguingly, however, we found that JNK Figures 5F-5H, S4D , and S4H), while Toll activation alone did not affect JNK signaling ( Figures 5A-5D , S4A, S4B, S4E, and S4F). The level of JNK activation in Toll-activated scrib clones seemed to be even higher than plain scrib clones (Figures 5F'-5H', S4D', and S4H'; compare to Figures 5E', S4C', and S4G'), which was consistent with the previous report that Toll signaling promotes JNK activation in the imaginal disc [30] . These observations indicate that scrib clones overgrow in the presence of strong JNK activation.
One possible mechanism that can explain this situation is JNK-mediated activation of the Hippo pathway effector Yorkie 
or scrib À/À +Dif (M) clones. Scale bar, 100 mm. 
(X) Quantification of flies bearing severe melanized pupal eyes in genotypes shown in (P) (n = 39, the number of pupae from three to eight independent experiments), (Q) (n = 42), (R) (n = 40), (S) (n = 27), (T) (n = 80), (U) (n = 72), (V) (n = 63), or (W) (n = 174). One-way ANOVA with Dunnett's multiple comparison test; ***p < 0.001, **p < 0.01, *p < 0.05. Values are means ± SEM. See also Figure S2 . 
DISCUSSION
Clones of oncogenic polarity-deficient cells are actively eliminated from Drosophila imaginal epithelium when surrounded by normal tissue, indicating the existence of intrinsic tumor-suppression mechanism by cell competition. Our present study shows that normal epithelial cells secrete Spn5 to facilitate the tumor-suppressive cell competition by antagonizing Toll signaling activation in polarity-deficient cells. Elevation of Toll signaling in polarity-deficient cells transforms them from losers to supercompetitors, which leads to tumorous overgrowth of mutant tissue. Thus, Spn5 acts as a component of the extracellular surveillance system that eliminates oncogenic cells by cell competition. It is not known at this stage why scrib cells are more sensitive to loss of spn5 to upregulate Toll signaling 
clones were stained with anti-Mmp1 antibody and phalloidin. Scale bar, 50 mm.
(I-P) Eye discs of diap1-lacZ/+ flies bearing GFP-labeled wild-type (I), Toll-overexpressing (J), Dl-overexpressing
clones were stained with anti-b-galactosidase antibody.
(Q-T) Eye discs of wild-type (Q, S, and T) or yki
+Toll +Wts (T) MARCM-induced mosaic eye discs. Scale bar, 100 mm.
(U) Quantification of relative GFP + area in eye discs in genotypes shown in (Q) (n = 59, the number of eye discs), (R) (n = 28), (S) (n = 34), and (T) (n = 26 compared to surrounding wild-type cells. One possible mechanism that drives Toll activation in scrib cells would be JNK activation, which was shown to be sufficient to activate Toll signaling [30] . Interestingly, it has been shown that activation of TRR signaling in losers of Myc-or Minute-induced cell competition causes losers' death through nuclear factor kB (NF-kB)-mediated induction of cell death gene hid or rpr, respectively [40] . Consistent with this report, it has been shown in Drosophila larval fat bodies that activation of Toll signaling leads to inactivation of Yki [41] , which may cause hid-or rpr-mediated cell death because one of the important Yki targets is a caspase inhibitor diap1. These observations intriguingly indicate that Toll signaling has opposite roles in different types of cell competition; while Toll activation promotes elimination of losers in Myc-or Minute-induced cell competition, it suppresses elimination of polarity-deficient losers in tumor-suppressive cell competition. Importantly, however, in both cases, Toll or TRR signaling seems to act as an oncogenic signaling that promotes expansion of premalignant winner clones within the tissue. Consistent with these findings in Drosophila, it has been reported that upregulation of Toll-like receptors (TLRs) is associated with tumor growth and progression in some human cancers [42, 43] . In addition, one of the human orthologs of Drosophila Spn5, SpnA5, has been shown to inhibit breast cancer growth and metastasis [44, 45] , and its expression level is decreased in renal cell carcinoma and sarcoma [46, 47] . These observations, together with the data from Drosophila genetics [40] (and this study), suggest that Toll signaling drives tumorigenesis by promoting supercompetition of oncogenic cell clones.
The mechanism by which Toll activation in polarity-deficient cells leads to Yki activation is an important open question for future studies. One possible mechanism is co-activation of JNK and Ras signaling in Toll-activated scrib cells, as these two pathways have shown to cooperate to induce Yki activation through F-actin accumulation and Wts inactivation [31, 35] . Interestingly, it has been shown in mammalian systems that the TLR signaling activates JNK signaling [48, 49] and that several TLRs activate EGFR-Ras signaling upon immune response [50] . Given that signaling molecules identified in Drosophila are all conserved (Figure 6 ), similar Toll-mediated regulation of tumorigenesis could be involved in human cancers.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tatsushi Igaki (igaki@lif.kyoto-u.ac.jp).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Drosophila strains and husbandry
The following transgenic Drosophila strains were obtained from Bloomington Drosophila Stock Center: Spn88Ea c01214 (BL#10425); 
, 25 mg/mL G418 (Nacalai Tesque) was added in the food for selection. For heat shock experiments, fly cultures kept at 18 C were shifted to 37 C for 10 min and transferred to 29 C for recovery. FRT82B, Tub-Gal80 (82B tester-2), w; ; FRT82B, scrib 1 /TM6B (82B scrib tester-2), and UbxFLP; Act>y + >Gal4, UAS-GFP; FRT82B, Tub-Gal80 (82B tester-3). Males and females at wandering third instar larval stage (7 days after egg laying) and at late pupal stage (1-2 days before eclosion) were randomly collected to quantify the clone size and melanization. About flies carrying UAS-Toll 10B and/or Drs-GFP transgenes, only females were quantified.
METHOD DETAILS
Generation of clones
Genetic mosaic screen for elimination-defective mutants 500 healthy male flies ($7 days after eclosion) carrying an isogenized FRT82B chromosome (w/Y; FRT82B) were fed 25 mM ethyl methanesulfonate (EMS; Sigma-Aldrich) in 10 mM Tris-HCl (pH 7.6) and 1% sucrose solution. On the next day, 4-5 males were crossed to 20 w; Kr/CyO; Sb/TM6B virgin females ($3 days after eclosion). F 1 males ($7 days after eclosion) carrying a mutagenized chromosome (FRT82B*/TM6B or Sb) were crossed individually to 5-6 w; Kr/CyO; Sb/TM6B virgin females ($3 days after eclosion) to establish mutant strains ($9000 lines in total). Subsequently, each mutant line was crossed to 6-8 virgin CC tester females ($3 days after eclosion). To analyze cell competition, clone areas of red-pigmented scrib 1 /scrib 1 cells were compared with that of white wildtype cells in the non-TM6B and non-Sb adult male and female F 2 eyes ($7 days after eclosion).
Whole genome sequencing
For whole-genome sequencing, genomic DNA was extracted from 55 trans-heterozygous (eld-5/+) adult males ($14 days after eclosion) according to a standard phenol-chloroform method. 150 bp paired-end sequencing at 30x coverage on Illumina Hi-Seq 4000 was performed by Beijing Genomics Institute (BGI). The sequence reads were mapped to dm6 reference genome (UCSC version dm6) using BWA-MEM algorithm ( Table. Histology Wandering third instar larvae were dissected and fixed with 4% paraformaldehyde for 20 min at room temperature and permeabilized with 0.1% Triton X-100 solution for 1 hr. After blocking with 5% donkey serum and 0.1% Triton X-100 solution, samples were incubated at 4 C overnight with primary antibodies, and then incubated with Alexa Fluor 488-, 546-, or 647-conjugated secondary antibodies ( Other information for experimental design Randomization, stratification, blinding, or sample-size estimation was not performed. We did not include or exclude any data or subjects. Figure 1 1B 
Detailed Genotypes
QUANTIFICATION AND STATISTICAL ANALYSIS
The relative size of clones was calculated from at least 10 randomly selected imaginal discs of each genotype using ImageJ software (National Institutes of Health). Flies with severe melanization were determined by a melanized bulge in either or both eyes. Randomly selected late pupae from three independent crossings were quantified. Statistical analysis were performed with Excel (Microsoft) and GraphPad Prism 7 (GraphPad Software), and the significance level was set to p < 0.05. Data were analyzed by two-tailed unpaired t test for single comparisons and by one-way analysis of variance (ANOVA) with Dunnett's or Tukey's post hoc test for multiple comparisons. Details of statistical evaluations and the numbers of samples were indicated in the figure legends. All data are shown as mean ± SEM.
